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Description 

METHOD AND APPARATUS FOR MIXING GASES 
Technical Field 

The present invention is directed to a method and an apparatus for 
mixing streams of gases to form a combined stream. 

Background 

The federal government and other authorities regulate allowable 
exhaust emissions from gasoline and diesel engines for automobiles, trucks, and 
other vehicles, such as off-road construction or agricultural vehicles, in an effort 
to reduce pollution. In order to ensure compliance with these regulations, the 
exhaust gases of these engines must be tested or otherwise analyzed for 
undesirable combustion by-products, such as hydrocarbons, carbon monoxides, 
sulphates, and/or oxides of nitrogen. In general, testing is accomplished by 
introducing exhaust gases, diluting these exhaust gases with clean air, and 
obtaining samples after the exhaust gases and dilution air are properly mixed. 

Dilution tunnels are one known type of device for collecting, 
diluting, cooling, and mixing exhaust gases with filtered, ambient, and 
conditioned air in a ratio of gas to air for sampling and analyzing. At one end, a 
typical dilution tunnel has one inlet for receiving exhaust gases and another inlet 
for receiving the filtered air. An orifice plate is typically placed downstream of 
the exhaust gas and air inlets in order to induce turbulent flow and facilitate 
mixing of the exhaust gas and diluting air. Downstream of the orifice plate a 
probe is located in the tunnel to collect a sample of the mixture for analysis. One 
problem with placing orifice plates, or other obstructions such as inlet pipes, in 
the stream is that they tend to collect and remove some of the particulate matter 
from the stream, which distorts the downstream samples. Moreover, abrupt 
changes in tunnel geometry may also cause particulate matter to collect on the 
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tunnel walls. This particulate matter may build up on the plate or walls over time 
and then periodically flake off, further distorting the samples taken downstream. 

Full dilution tunnels collect and dilute the entire exhaust gas flow 
from the engine being tested. Current EPA regulations recommend that the 
dilution tunnels be sized to permit development of turbulent flow (Reynold's 
number greater than 4000) and obtain a homogeneous mixture of the exhaust and 
dilution air at the sampling location. Depending upon the engine displacement, 
in order to meet this requirement, a typical full dilution tunnel diameter may be 
on the order of 203 to 610 mm (8 to 24 inches) and a typical tunnel length, which 
is usually ten times the diameter, may be on the order of 2032 to 6100 mm (80 to 
240 inches). The tunnel diameter and length is sized to insure proper mixing of 
the exhaust gas with the diluting air prior to taking the sample. The larger the 
engine displacement, the larger the tunnel diameter and tunnel length must be to 
accommodate the greater flow of exhaust gas. Thus, dilution tunnels for large 
displacement engines may be very bulky, even taking up entire rooms. 

U.S. Patent No. 5,090,258 discloses a multiple flow-dividing 
dilution tunnel system. Dilution air is introduced at one end of the tunnel. 
Further downstream, a portion of an exhaust gas stream is introduced into the 
tunnel via an exhaust gas inlet pipe inserted into the stream of dilution air. 
Further downstream, but proximate the end of the exhaust gas inlet pipe, a 
plurality of nozzles are inserted into the stream of dilution air/exhaust gas for 
introducing more dilution air, in this instance, a controlled amount of pressurized 
dilution air. This introduction of pressurized dilution air is used to properly 
maintain the ratio of the rate of the divided exhaust gas introduced into the 
dilution tunnel via the exhaust gas inlet pipe to the rate of the total gas introduced 
into the system, even during pressure loss fluctuations. One drawback of this 
system is that it requires a complex control system for reacting to pressure 
fluctuations. Another drawback is that it also requires a complex system of 
piping, both for splitting the exhaust gas stream and for introducing the 
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pressurized dilution air. A further drawback is that the exhaust inlet pipe is 
exposed to the dilution air stream prior to the exhaust gas exiting the inlet pipe, 
causing undesirable cooling of the exhaust gas prior to mixing. 

The disclosed method and apparatus for mixing streams of gases 
solves one or more of the problems set forth above. 

Summary of the Invention 

One aspect of the present invention is directed to a method of 
mixing a first stream of gas with a second stream of gas. The method includes 
introducing the first stream of gas into a first stream manifold and directing the 
first stream from the first stream manifold into a mixing chamber via a plurality 
of first stream passages flow coupled to the mixing chamber. The second stream 
of gas is directed into the mixing chamber via at least one second stream passage 
flow coupled to a first end_of the mixing chamber. A combined stream is formed 
from the first and second streams, gradually converged, and discharged from the 
mixing chamber through a mixing chamber exit port. 

In another aspect, the present invention is directed to an apparatus 
for mixing a first and second stream of gas. The apparatus includes a first stream 
manifold configured to receive the first stream of gas, and a first plurality of 
passages flow coupled to and extending from the first stream manifold. A mixing 
chamber having first and second ends is flow coupled to the first plurality of 
passages and configured to receive the second stream of gas at the first end. The 
mixing chamber has an exit port at the second end and a cross-section adjacent 
the second end which gradually converges as the distance to the exit port 
decreases. 

It is to be understood that both the foregoing general description 
and the following detailed description are exemplary and explanatory only and 
are not restrictive of the invention, as claimed. 
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Brief Description of the Drawings 

[10] The accompanying drawings, which are incorporated in and 

constitute a part of this specification, illustrate exemplary embodiments of the 

invention and together with the description, serve to explain the principles of the 

invention. In the drawings: 
[11] Fig. 1 is a schematic and diagrammatic illustration of an 

embodiment of an apparatus for mixing gases; 
[12] Fig. 2 is schematic cross-sectional illustration of a portion of the 

apparatus of Fig. 1 rotated 45 degrees so that at least two passages 14 and 

passage 24 lie in the viewing plane; 
[13] Fig. 3 is a cross-section of the apparatus of Fig. 2 taken at section 

A-A; 

[14] Fig. 4 is a schematic and diagrammatic illustration of another 

embodiment of an apparatus for mixing gases; and 
[15] Fig. 5 is schematic and diagrammatic illustration of a further 

embodiment of an apparatus for mixing gases. 

Detailed Description 

[16] Fig. 1 shows an apparatus, designated generally by reference 

number 100, which includes a mixing chamber 30 receiving a first stream 10 and 
a second stream 20. In one embodiment, first stream 10 may be either a stream 
of exhaust gas or a stream of dilution gas, and second stream 20 may be the other 
of the stream of exhaust gas or dilution gas. For example, first stream 10 maybe 
a stream of dilution gas and second stream 20 may be a stream of exhaust gas. 
Thus, mixing chamber 30, which receives both first stream 10 and second stream 
20, would receive, in this embodiment, both the stream of exhaust gas and the 
stream of dilution gas. The stream of exhaust gas, which may be generated by an 
engine, such as a diesel engine, contains particulate matter and/or other emissions 
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that are to be measured. The stream of dilution gas may be conditioned air, i.e., 
air that is filtered, heated, cooled, humidified, de-humidified, etc. 

In one embodiment, as shown in Fig. 1, apparatus 100 may 
include, among other components, first stream manifold 12, passages 14, 24, 
mixing chamber 30, and secondary mixing region 50. Each of these components 
may be designed and manufactured with no internal protuberances or projections 
that could collect particulate matter, if any, carried by the first and/or second 
streams 10, 20. Moreover, the internal wall surfaces of each of these components 
may be made of smooth materials, such as an electro-polished, passivated, 
stainless steel or other smooth, relatively non-stick materials, for minimizing the 
amount of particulate matter that could collect on the walls. In addition, these 
components may be assembled in a manner that minimizes the number of wall 
surfaces upon which the first and second streams 10, 20 impinge or that 
- minimizes the angle of impingement. 

As shown in Figs. 1 and 2, prior to entering mixing chamber 30, 
first stream 10 travels through an inlet pipe 11 and enters first stream manifold 
12. First stream manifold 12 is used to evenly distribute first stream 10 into a 
plurality of passages 14. Passages 14 extend from first stream manifold 12 to 
mixing chamber 30 and are used to evenly introduce the flow of first stream 10 
into mixing chamber 30. Additionally, passages 14 may be sized and configured 
to allow a well-developed flow to develop within first stream 10 as it flows 
through these passages. A well-developed flow has a steady state mean velocity 
profile, i.e., a mean velocity profile that does not change with distance in the flow 
direction. If a straight line passes through the diameter of a well-developed flow, 
the velocity at a each point of the line would be different. The velocity near the 
walls would be a minimum velocity, for instance, a zero velocity, while the 
velocity near the center of the passage would be a maximum. A well-developed 
flow generally arises in a long pipe if the flow is not subject to any protrusions, 
changes in cross-section, or other disturbances. For example, in Fig. 1, passages 
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14 are depicted as being smooth-walled, relatively thin, straight tubes sufficiently 
long to develop a well-developed turbulent flow prior to discharging first stream 
10 into mixing chamber 30. 

Second stream 20 is shown in Figs. 1 and 2 entering mixing 
chamber 30 through second stream passage 24. Similar to passages 14, second 
stream passage 24 may be sized and configured to allow a turbulent flow to form 
within second stream 20 as it flows through passage 24. Passage 24 may be sized 
and configured such that, prior to entering mixing chamber 30, the flow of second 
stream 20 is a well-developed turbulent flow, with no separation at the passage 
walls. Passage 24 may be a smooth-walled, relatively long, narrow tube having, 
for example, two rounded ninety-degree bends. 

First stream 10 and second stream 20 are introduced into mixing 
chamber 30. Mixing chamber 30 has a first end 31 and a second end 32 opposite 
first end 3 1 . As shown in Figs. 2 and 3, first end 3 1 may be a flat wall. Both first 
and second streams 10, 20 are introduced into mixing chamber 30 at first end 31. 
As best shown in Fig. 2, passages 14 and passage 24 do not extend or protrude 
into mixing chamber, but end substantially flush with the wall of first end 31. 
This flush configuration allows for even mixing of first stream 10 with second 
stream 20, and ensures that neither the first stream nor the second stream is in 
contact with the passages of the other prior to discharging the streams into the 
mixing chamber. Isolating the first stream passage from the second stream 
prevents the second stream from prematurely and/or unevenly heating or cooling 
the first stream. Moreover, isolating the two streams from one another prior to 
their being discharged into mixing chamber 30 prevents the streams from 
becoming non-uniform or biased prior to discharge. For example, if the first 
stream was a hot exhaust gas stream and the second stream was a cool air stream, 
then contact between the passages of the hot exhaust gas stream and the cool air 
stream could cause the undesirable deposition of soot or other particulate matter 
on the walls of the exhaust gas stream passage due to thermophoretic effects. In 
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addition, apparatus 100 or individual components of apparatus 100 may be 
insulated from the surrounding evironment and/or from one another to assist in 
minimizing thermophoretic effects. 

As best shown in Fig. 3, the plurality of passages 14, which 
discharge first stream 10 into mixing chamber 30, are symmetrically positioned 
with respect to the cross-section of mixing chamber 30 and with respect to 
passage 24, which discharges second stream 20 into mixing chamber 30. Four 
passages 14 are shown, but any number of a plurality of passages may be utilized. 
A single passage 24 is shown, located in the center of first end 31, for discharging 
second stream 20 into mixing chamber 30. In alternative embodiments, more 
than one passage 24 may be provided. The symmetrical and distributed discharge 
of first stream 10 into mixing chamber 30 aids in the uniform and efficient 
mixing of first stream 10 with second stream 20. 

Mixing chamber 30, as best shown in Fig. 2, is a smooth-walled 
chamber having no internal protuberances or projections, which could collect 
particulate matter, if any, carried by the first and/or second stream 10, 20. 
Moreover, the internal wall surfaces 36 of mixing chamber 30 may be formed of 
a very smooth surface for minimizing the amount of particulate matter that 
collects on the walls. For instance, the internal wall surfaces 36 may be electro- 
polished, passivated, stainless steel or other smooth, relatively non-stick surfaces. 

Within mixing chamber 30, first stream 1 0 and second stream 20 
lose their separate identities and are combined into a combined stream 40. 
Combined stream 40 exits mixing chamber 30 through an exit port 34 located at 
second end 32. Combined stream 40 need not be a uniformly mixed stream by 
the time it exits mixing chamber 30 through exit port 34. Rather, combined 
stream 40 may include both first and second streams 10, 20 in a partially mixed 
state. 

Second end 32 of mixing chamber 30 may include a portion 
wherein the cross-section gradually and symmetrically converges or necks down 



as the distance to exit port 34 decreases. A cross-section "gradually converges" 
when the cross-section becomes smaller and smaller in a series of steps or 
degrees, as opposed to an abrupt transition between two differently sized 
openings. As shown in Figs. 1 and 2, the converging portion of second end 32 
has the shape of a truncated cone. This converging portion may be part of a 
venturi-type nozzle. The gradual convergence of the walls of second end 32 
provides a smooth, rather than an abrupt, transition to the reduced diameter of 
exit port 34. This smooth, gradual convergence is intended to prevent particles 
from collecting on the walls of end 32. Moreover, the symmetrical configuration 
of second end 32, as it converges, assists in the uniform mixing of combined 
stream 40. 

As best shown in Fig. 1, downstream of mixing chamber 30, 
combined stream 40 may enter a secondary mixing region 50. Secondary mixing 
region 50 is depicted in Fig. 1 as having a short initial section 51 located 
immediately downstream of mixing chamber 30 and a longer cylindrical section 
52 located downstream of section 5 1 . The cross-sectional diameter of section 52 
is greater than the cross-sectional diameter of section 51. An abrupt enlargement 
of the cross-sections, as shown in Fig. 1 , may be advantageous because of 
manufacturing considerations. The abrupt enlargement may also enhance 
mixing. 

Within secondary mixing region 50, uniform mixing, such as 
required for testing, of combined stream 40 may be achieved. A sampling device 
(not shown), such as any probe known to persons of ordinary skill in the art, may 
be located in secondary mixing region 50, such as, for example, adjacent to a 
downstream end thereof. 

Downstream of secondary mixing region 50, combined stream 40 
may be directed through a turn, for example, around a corner, to minimize the 
total length of the system. However, turning the stream may induce undesirable 
separation effects in combined stream 40 upstream of the turn, i.e., where the 
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sampling probe may be located. A reservoir box 60, which may be a relatively 
large-volume chamber, may be flow coupled to secondary mixing region 50 at 
the downstream end of region 50. As shown in Fig. 1, combined stream 40 exits 
secondary mixing region 50 and is discharged into reservoir box 60. Reservoir 
box 60 provides a pressure drop in the downstream flow and serves to reduce any 
flow separation effects that might be induced in combined stream 40 adjacent the 
downstream end of secondary mixing region 50, while at the same time directing 
combined stream through a turn. Reservoir box 60 may be any chamber, 
including, for instance a porous baffle (not shown), that provides a pressure drop 
that reduces undesirable flow separation effects. Combined stream 40, as shown 
in Fig. 1 , is then discharged from the system. 

A second embodiment of an apparatus for mixing gases is 
illustrated in Fig. 4 and is also designated generally by reference number 100. As 
shown in Fig. 4, apparatus 100 includes a mixing chamber 30, a first stream 
manifold 12, a second stream manifold 22, and a secondary mixing region 50. 

First stream manifold 12 may be configured as an annular 
chamber encircling mixing chamber 30, as shown in Figs. 4 and 5. Fig. 4 
illustrates an embodiment which is configured to receive two alternative first 
streams 10a, 10b. In this embodiment, first stream manifold 12 may receive 
either first stream 10a or first stream 10b through entrance ports 13a, 13b, 
respectively, located on opposite sides of annular manifold 12. Alternatively, the 
embodiment illustrated in Fig. 5 is configured to receive only one first stream, 
first stream 10. As shown in Fig. 5, first stream manifold 12 has only a single 
entrance port 13 for receiving first stream 10. 

Entrance ports 13, 13a, 13b may include diffuser sections for 
slowing the flow of first streams 10, 10a, 10b, respectively. Diffuser sections 
may inhibit the impingement of first streams 10, 10a, 10b on the wall of first 
stream manifold 12 opposite the entrance ports 13, 13a, 13b, thereby, for 
instance, inhibiting any particulate matter that may be carried by streams 10, 10a, 
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1 Ob from collecting or being deposited on the wall of first stream manifold 12. 
First stream manifold 12 may be formed with smooth internal wall surfaces to 
assist in minimizing the deposition of particulate matter on the walls. 

A plurality of first stream passages 14 are flow coupled to and 
extend between first stream manifold 12 and mixing chamber 30. As shown in 
Figs. 4 and 5, passages 14 extend radially between annular manifold 12 and 
centrally located mixing chamber 30. In this configuration, passages 14 allow 
first stream 10 to enter mixing chamber 30 adjacent first end 31. Passages 14 
need not lie in a plane perpendicular to a central, longitudinal axis of the annular 
manifold and the mixing chamber. Rather, as shown, passages 14 may be angled 
out of this perpendicular plane. 

Mixing chamber 30, as best shown in Fig. 5, may have a first end 

31, having an entrance port 35 and walls which gradually diverge as the distance 
from entrance port 35 increases. Mixing chamber 30 may also have a second end 

32, having an exit port 34 and walls which gradually converge as the distance 
from exit port 34 decreases. 

Second stream 20 enters second stream manifold 22 prior to 
entering mixing chamber 30 via entrance port 35. Second stream manifold 22 
may be an annular manifold similar to annular manifold 12 as shown in Figs. 4 
and 5, or second stream manifold 22 may be similar to first manifold 12 as shown 
in Figs. 1 and 2. As shown in Figs. 4 and 5, second stream 20 is discharged from 
annular manifold 22, via passages 24 into a central tubular region 25, which is 
flow coupled to entrance port 35 of mixing chamber 30. 

Within mixing chamber 30 of Figs. 4 and 5, as with mixing 
chamber 30 of Figs. 1 and 2, first stream 10 and second stream 20 lose their 
separate identities and are combined into a combined stream 40, which exits 
mixing chamber 30 through exit port 34. Secondary mixing region 50 is flow 
coupled to mixing chamber 30 and receives combined stream 40. As shown in 
Fig. 4, secondary mixing region 50 gradually diverges as the distance from exit 
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port 34 increases. This gradual divergence causes a gradual pressure drop in 
combined stream 40. Adjacent the downstream end of secondary mixing region 
50, a sampling device (not shown) may be located in order to collect samples of a 
fully mixed combined stream 40. 
Industrial Applicability 

The Environmental Protection Agency (EPA) requires transient 
emissions tests to be conducted for on-highway diesel engines. When utilizing a 
full dilution tunnel system, the EPA regulations (for instance, 40 CFR, Chapter 1, 
§ 83.1310) require that the raw diesel engine exhaust be mixed or diluted with 
clean air in order to reduce the overall temperature of the exhaust levels. These 
EPA regulations require good mixing over the entire cross-section of the diluted 
flow of exhaust at the point where the emission samples are collected. 

The apparatus and method provided may be used for mixing a first 
gas with a second gas prior to sampling a combined stream of the gases, in order 
to, for example, efficiently test exhaust gas samples for compliance with the EPA 
pollution regulations. In one exemplary use, the exhaust pipe of a diesel engine 
could be flow coupled to passage 24 as shown in Fig. 1. Exhaust gases from the 
diesel engine flow through passage 24, becoming a well-developed flow, which is 
introduced into mixing chamber 30. Minimal wall-separation of the exhaust flow 
is achieved, for instance, by providing two ninety-degree bends in passage 24 in 
three-dimensions. These bends allow the exhaust stream to be introduced into 
mixing chamber 30 in a minimal space, while at the same time allowing the 
exhaust stream flow to straighten and become a well-developed flow very 
quickly. 

A source of conditioned dilution air could be flow coupled to inlet 
pipe 1 1 , also as shown in Fig. 1 . The dilution air flows into manifold 12 and then 
is distributed through the four passages 14 into mixing chamber 30. As the 
dilution air travels through passages 14, a well-developed flow is created in each 
passage, prior to being introduced into mixing chamber 30. 
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Passage 24, which carries the exhaust gas, is never in contact with 
the dilution air stream. Similarly, the exhaust gas stream never contacts passages 
14, which carry the dilution air. Isolating these passages from the opposing 
streams prevents the possibility of pre-cooling the exhaust stream prior to its 
discharge into mixing chamber 30, which could lead to soot deposition on the 
walls of passage 24, and also prevents the possibility of the streams losing their 
well-developed flow profiles. Moreover, isolating these passages from the 
opposing streams greatly simplifies insulation concerns. 

Apparatus 100 includes components, for instance, passages 14, 
manifold 12, passage 24, mixing chamber 30, secondary mixing region 50, etc., 
that have smooth internal walls, i.e., walls having surfaces that are not rough, to 
minimize the deposition of particulate matter on the internal wall surfaces. In 
addition, these components are free of any internal projections, such a inlet pipes, 
or other structures, such as baffles or orifice plates, extending from the internal 
walls into the flows. So, for instance, minimal particulate matter from the 
exhaust gas is deposited on surfaces within mixing chamber 30, because mixing 
chamber 30 has no projections, edges, or other structure extending into the flow 
stream. Moreover, if smooth, electro-polished, passivated, stainless steel is used 
to form the internal surfaces of mixing chamber 30 or other components of 
apparatus 100, the deposition of particulate matter on the internal surfaces of 
apparatus 100 may be minimized. 

Within mixing chamber 30, the exhaust gas and the dilution air 
begin to mix in a uniform manner into a combined stream 40. Prior to exiting 
mixing chamber 30 through exit port 34, combined stream 40 travels through a 
converged portion of mixing chamber 30. This converged or necked down 
portion of mixing chamber 30 causes the velocity and the pressure of combined 
stream 40 to increase, and facilitates quick and uniform mixing of the combined 
stream. Downstream of mixing chamber 30, combined stream 40 travels through 
a cylindrical, venturi type, or similar type of secondary mixing region 50 to 



finalize the uniform mixing of the exhaust gas with the dilution air prior to a 
portion of the combined stream being collected for sampling purposes. 

Even for large output engines, such as engines rated between 150 
and 750 horsepower, apparatus 100, because of its compact size relative to 
existing full dilution tunnels, may be designed to fit into the same room that also 
houses the engine. For instance, apparatus 100 may be designed with pipes being 
no more than 0.64 meters (24 inches) in diameter. Finally, apparatus 100 may be 
designed to allow the use of standard pipes and standard-pipe fittings, thus, 
minimizing the use of specially built parts and substantially decreasing the cost of 
manufacture. 

The disclosed system may also be utilized with dual test cells, 
thereby providing an even more compact and efficient system. As an example of 
the use of the embodiment shown in Fig. 4, a first test chamber (not shown) may 
be located adjacent apparatus 100 and may- contain a first stream source (not 
shown). For instance, a diesel engine emitting a first stream 10a of an exhaust 
gas may be the first stream source. This first stream source may be flow coupled 
to entrance port 13a. A second test chamber (not shown) with a second stream 
source (not shown) may be located on the other side of apparatus 100. Second 
stream source may be a second diesel engine emitting a stream of exhaust gas as 
alternative first stream 10b. This second exhaust gas source producing 
alternative first stream 10b may be flow coupled to entrance port 13b. Thus, the 
embodiment with two entrance ports, shown in Fig. 4, may service two separate 
test chambers. In a first test, entrance port 13a may be opened, allowing first 
stream 10a to flow into manifold 12, while entrance port 13b may be closed, 
blocking the flow of alternative first stream 10b into manifold 12. In a 
subsequent test, entrance port 1 3b may be opened and entrance port 13a may be 
closed. 

It will be apparent to persons of ordinary skill in the art that 
various modifications and variations can be made in the method and apparatus for 
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mixing gases of the present invention without departing from the scope or spirit 
of the invention. Additionally, other embodiments of the invention may be 
apparent to persons of ordinary skill in the art from consideration of the 
specification and practice of the invention disclosed herein. It is intended that the 
specification and examples be considered as exemplary only, with a true scope 
and spirit of the invention being indicated by the following claims and their 
equivalents. 



